Phenotypic plasticity results in a diversity of phenotypes from a single genotype in response to environmental cues. To understand the molecular basis of phenotypic plasticity, studies have focused on differential gene expression levels between environmentally determined phenotypes. The extent of alternative splicing differences among environmentally determined phenotypes has largely been understudied. Here, we study alternative splicing differences among plastically produced morphs of the pea aphid using RNA-sequence data. Pea aphids express two separate polyphenisms (plasticity with discrete phenotypes): a wing polyphenism consisting of winged and wingless females and a reproduction polyphenism consisting of asexual and sexual females. We find that pea aphids alternatively splice 34% of their genes, a high percentage for invertebrates. We also find that there is extensive use of differential spliced events between genetically identical, polyphenic females. These differentially spliced events are enriched for exon skipping and mutually exclusive exon events that maintain the open reading frame, suggesting that polyphenic morphs use alternative splicing to produce phenotype-biased proteins. Many genes that are differentially spliced between polyphenic morphs have putative functions associated with their respective phenotypes. We find that the majority of differentially spliced genes is not differentially expressed genes. Our results provide a rich candidate gene list for future functional studies that would not have been previously considered based solely on gene expression studies, such as ensconsin in the reproductive polyphenism, and CAKI in the wing polyphenism. Overall, this study suggests an important role for alternative splicing in the expression of environmentally determined phenotypes.
Introduction
Many organisms can express several possible phenotypes based on environmental conditions (Bradshaw 1965; WestEberhard 2003) . This phenomenon, termed phenotypic plasticity, creates phenotypic diversity without any underlying genetic diversity (Simpson et al. 2011) . Plastically produced phenotypes can be continuous, such as when abdominal pigmentation in Drosophila varies in response to temperature (David et al. 1990 ). Alternatively, they can be discrete, termed polyphenism, such as when queen and worker female honey bees are produced depending on whether or not they receive royal jelly as a larvae (Weaver 1957) . The discrete morphs of polyphenic species often differ by multiple characters, such as behavioral, physiological, and morphological traits. For this reason, the molecular basis of polyphenic morph expression is complex.
Differences in gene expression between polyphenic morphs have been explored in several species, with studies often finding hundreds to thousands of genes differing between phenotypes (Brisson et al. 2007; Le Trionnaire et al. 2009; Chen et al. 2012; Jiang et al. 2012; Long et al. 2013; Daniels et al. 2014; Liu, Zheng, et al. 2014) . These studies have greatly advanced our understanding of the molecular functions that underlie polyphenic traits by identifying candidate genes and signaling pathways. However, these gene expression differences, although large, are not the sole molecular determinants of trait differences between polyphenic morphs. Multiple levels of regulation and modifications likely occur after transcription.
Alternative splicing has been proposed as a posttranscriptional mediator of polyphenic morph differences (Marden 2008) , but few studies have addressed this empirically. Alternative splicing changes the final mRNA sequence by removing portions of exons or adding portions of introns, resulting in multiple mRNA isoforms from a single gene (Matlin et al. 2005) . Genome-wide studies of splicing and plasticity have largely been confined to two general domains. First, alternative splicing changes have been identified in response to environmental stressors, but not between alternative morphs. These studies, performed in Drosophila (Jak si c and Schlötterer 2016), zebrafish (Long et al. 2013) , and Arabidopsis (James et al. 2012) , have revealed that alternative splicing is, indeed, environmentally responsive. Second, alternative splicing has been considered with respect to polyphenic morphs, but often secondarily. For example, a cursory examination of alternative splicing between locust morphs was performed on a genome-wide scale as part of the locust genome paper (Wang et al. 2014) . Alternative splicing was also considered globally in caste-polyphenic ants and honey bees, but largely in the context of how it was potentially affected by DNA methylation (Cingolani et al. 2013; Li-Byarlay et al. 2013) . Thus, the extent and identity of alternative splicing differences among polyphenic morphs is not well explored. To address this knowledge gap, here we have used the pea aphid (Acyrthosiphon pisum) as a model system (Brisson and Stern 2006; Grantham et al. 2015) for exploring morph-biased alternative splicing patterns. This system is advantageous for studying phenotypically plastic traits because it produces genetically identical offspring with very different phenotypes based on environmental conditions. The pea aphid expresses two distinct polyphenisms with separate environmental triggers (Sutherland 1969a; Via 1992 ). The first is the wing polyphenism. During the summer, pea aphid females reproduce parthenogenetically, creating clonal daughters that are genetically identical, but can be phenotypically distinct winged or wingless adults (Blackman et al. 1987a) . Winged daughters are produced when pea aphid mothers experience high population density, deficient nutrition, and/or predation (Sutherland 1969a (Sutherland , 1969b Purandare, Tenhumberg, et al. 2014) . Wingless females are produced in low population density environmental conditions. Winged females have fully developed wings and wing musculature, have expanded sensory systems, weaker immune system and are more restless . Wingless females lack all wing musculature, have higher fecundity, and are more sedentary (Blackman et al. 1987a) .
The second pea aphid polyphenism relates to the female reproductive mode. In the fall, as the photoperiod shortens and the temperature decreases, egg-laying sexual females and males are produced. Males differ from females, genetically, by the loss of one X chromosome (Blackman et al. 1987b) . Males are also wing dimorphic, but their dimorphism is not environmentally determined. Rather, it is determined by a single locus on the X (Caillaud et al. 2002; Braendle et al. 2005; Li et al. 2017) . Sexual pea aphid females are always wingless. Sexual and asexual females are genetically identical, but differ reproductively: Sexual females produce haploid eggs from meiosis, whereas asexual females produce live juveniles from modified mitotic divisions (Blackman et al. 1987b; Miura et al. 2003) . Therefore, their ovaries differ in whether they contain developing eggs or embryos. These two polyphenisms, the wing polyphenism and the reproduction polyphenism, are both complex phenotypes that are associated with hundreds to thousands of gene expression differences (Brisson et al. 2007; Le Trionnaire et al. 2009; Purandare, Bickel, et al. 2014; Vellichirammal et al. 2016 ), yet differences in splicing between the morphs have not been investigated.
Here, we characterize alternative splicing across different pea aphid morph transcriptomes using mRNA sequencing data. We identify hundreds of genes that show significant differential splicing between polyphenic morphs. We find that many differentially spliced genes (DSGs) are not differentially expressed genes (DEGs). Furthermore, many of the DSGs have annotations that are associated with the phenotypic traits that differ between morphs. This is one of the first in-depth study of genome-wide alternative splicing expression in a polyphenic system (see Price et al. 2018 , which came out while this paper was in review). Our results show that differential alternative splicing diversifies the transcriptome in a manner unique from gene expression differences across polyphenic morphs.
Results and Discussion

Morphs Exhibit Alternative Splicing
We identified alternative splicing events in four different adult pea aphid samples (wingless males, sexual females, winged asexual females, and wingless asexual females) and two embryonic samples (female embryos destined to be winged or wingless) for a total of six phenotypes (see supplementary table S1, Supplementary Material online). Our focus was primarily on exploring the expression differences of alternative splicing events between polyphenic morphs (asexual vs. sexual females [the reproductive polyphenism comparison]; winged vs. wingless females [the wing polyphenism comparison]), but we also compared the genetically different sexual females and males (XX vs. XO; the sexual morph comparison) since males and females are known to differ extensively in alternative splicing in other species (Blekhman et al. 2010; Graveley et al. 2011; Gibilisco et al. 2016) . The use of adult and embryonic samples allowed us to expand our study to differences between maintenance of the polyphenic morphs (adults) compared with the development of the polyphenic morphs (the embryonic wing polyphenism comparison).
We discovered 4,870 alternatively spliced genes from 14,228 expressed genes, resulting in 34.2% of the expressed genes exhibiting alternative splicing in one or more of the six phenotypes (see supplementary table S2, Supplementary Material online). This is similar to a previous estimate of pea aphid alternatively spliced genes, 37.2%, from a study that used expressed sequence tags to calculate the prevalence of alternative splicing across multiple eukaryotes (Chen et al. 2014) . Both estimates agree that pea aphids alternatively splice $10% more of their expressed genes than the average of 24.6% of alternatively spliced genes found across 10 other invertebrates (Chen et al. 2014) . The other invertebrates with similar levels of alternative splicing are Drosophila melanogaster (34.8%), Nematostella vectensis (32.2%), and Schistosoma mansoni (45.8%). Interestingly, both N. vectensis and S. mansoni express different intraspecific reproductive phenotypes (N. vectensis plastically, and S. mansoni during different stages of their life cycle); they reproduce sexually and asexually (Combes 2001; Reitzel et al. 2007 ). High levels of alternative splicing in these two species and in pea aphids raises the intriguing possibility that different reproductive phenotypes present across the life history of a species results in a high number of alternatively spliced genes. As more genomes become available, the association between increased alternative splicing and the expression of different phenotypes can be further explored.
DSCAM and slowpoke (slo, or KCNMA1 in humans) are some of the most well-known examples of genes expressing many isoforms (Lagrutta et al. 1994; Schmucker et al. 2000) . As proof of principle, we examined alternative splicing Alternative Splicing in Pea Aphid Polyphenic Morphs . doi:10.1093/molbev/msy095 MBE patterns of these two genes in our data. We found that among all pea aphid genes, slowpoke has the greatest number of splicing events across adult phenotypes ( fig. 1A) and DSCAM has the greatest number of splice variants in embryos ( fig. 1B) . Slo is a calcium-and voltage-activated potassium channel gene, with splicing events that change the requirements for opening the channel and that change the closing speed of the channel (Lagrutta et al. 1994; Miranda-Rottmann et al. 2010) . The pea aphid slo gene has 27 annotated exons with an average of 20 splice sites per morph. Alternative splicing of DSCAM is well studied in D. melanogaster, where four clusters containing many exons are alternatively spliced to produce an estimated 38,016 possible isoforms (Schmucker et al. 2000) . DSCAM has 86 exons in pea aphids with 131 observed splice variants in embryos. Similar to D. melanogaster, most of the pea aphid embryonic splicing of DSCAM that we identified is the result of retaining one exon from three different exon clusters.
We categorized observed pea aphid alternative splicing events as one of five splice types. Skipped exons (SE) are whole exons that are included or excluded in the final transcript. Alternative 5 0 and 3 0 splice sites (A5 0 SS and A3 0 SS) make exons longer or shorter on either the 5 0 or 3 0 end of the intron, respectively. Mutually exclusive exons (MXE) are similar to SE, but with two exons where one is kept whereas the other is skipped. A retained intron (RI) is when the entire intron is retained making two exons into one large exon. Each type of alternative splicing can occur multiple times within a single gene, and a single gene can exhibit more than one type.
There is a potential risk that some of the observed splicing is nonfunctional "noise". There are three hypothesized reasons an organism makes multiple mRNA isoforms: 1) functionally, to produce different proteins (Graveley 2001) , 2) functionally, to posttranscriptionally regulate gene expression by the nonsense-mediated mRNA decay (NMD) pathway (Lewis et al. 2003; Lareau et al. 2007) , and 3) nonfunctionally, with the isoforms being the result of an error-prone splicing process (Tress et al. 2007; Melamud and Moult 2009; Pickrell et al. 2010) . The first and second reasons produce biologically relevant isoforms. All three occur (Lareau and Brenner 2015; Weatheritt et al. 2016 ), but spliceosome mistakes tend to be lowly expressed (Sorek et al. 2004; Melamud and Moult 2009; Tress et al. 2017) .
To remove low abundance splicing events likely to be splicing mistakes, we required a splice site to have a percent spliced in (PSI) value of >10%, a cutoff used by other studies (Wang et al. 2008; Shapiro et al. 2011; He et al. 2015) . After filtering, we identified 6,491 alternative splice sites on average per phenotype. Across all the phenotypes measured, 29% of genes were still alternatively spliced, indicating that the majority of alternatively spliced isoforms we identified before filtering were moderately to highly expressed. We further examined the effects of using the 10% PSI filter with the expectation that if we were retaining functional splice variants, we should see preferential retention of SE and MXE splice types postfiltering. SE and MXE are much more likely to translate into functional proteins than any of the other types of splice events (Weatheritt et al. 2016) . This filter removed 41-48% of the splice sites found in the six phenotypes. The phenotypes were similar in the number and proportion of each splice type identified. However, which splice types were retained after filtering differed. Consistent with the idea that we preferentially filtered out nonfunctional variants, 82% of MXE and 59% of SE remained postfilter, compared with only 49% of A3 0 SS and 48% of A5 0 SS events. RI events were retained 57% of the time, but only comprise 6% of the total splice sites identified. Males exhibited the largest number of postfiltering alternative splice sites, whereas sexual females exhibited the smallest (table 1) . Adult males alternatively spliced the largest number of genes, whereas polyphenic females (sexual, winged asexual, and wingless asexual) spliced the largest proportion of their expressed genes (table 1) . Strong sex-biased alternative splicing differences have been previously found in D. melanogaster where males express more genes than females, but females use more alternative splicing (Brown et al. 2014; Gibilisco et al. 2016 ). This may be a general trend in insects that the sexes Grantham and Brisson . doi:10.1093/molbev/msy095 MBE diversify their proteome in different ways; males by expressing more genes and females by expressing more alternative splicing variants.
To confirm that the splicing differences between phenotypes were not an artifact of sequencing coverage (male samples exhibited the highest sequencing coverage; see supplementary table S1, Supplementary Material online), we randomly reduced each library to 20Â coverage and reanalyzed for splicing events. The reduced set identified 7,827 unique splice events across all phenotypes compared with 13,558 unique splice events in the original analysis (see supplementary table S2, Supplementary Material online). We found that the reduced data set was generally a subset of the original splice events; 95% of the reduced set splice sites were identical to the full data set. Additionally, the percentage of each splice event per phenotype was largely maintained between the full and reduced data sets (see supplementary table S3, Supplementary Material online).
Because we used whole body sampling for this study, we likely excluded some tissue-specific splice variants by using a 10% PSI filter. Tissue-specific splicing may occur at levels <10% of the highly expressed isoform when observations are made from the whole body (Wang et al. 2008; Brown et al. 2014) . Our postfiltering splicing counts (table 1) are, therefore, likely an underestimate of the true numbers of expressed isoforms.
Polyphenic Morphs Differentially Splice Hundreds of Genes
Just as genes can be differentially expressed between morphs, splice events can be differentially expressed between morphs. When a splice event is differentially expressed between morphs (called differentially spliced) it is included at a different rate between the morphs. For example, morph A includes exon 3 in 80% of its isoforms for gene X, but morph B only includes exon 3 in 10% of its isoforms for gene X. Differentially spliced events are the most likely alternative splicing events to contribute to phenotypic differences between the morphs, such as behavior and physiology, because they are morph biased. They are also more likely to be functional: Previous studies have found that alternative splicing that differs between tissues, physiological transitions, and developmental time points is often functional and conserved between species (Kalsotra and Cooper 2011; Lees et al. 2015) . Differentially spliced events are therefore excellent candidates for isoforms that underlie the intraspecific phenotypic differences between polyphenic morphs.
To identify differentially spliced events and which genes they occur in, we performed pairwise comparisons of the genetically different wingless males and wingless sexual females (the sexual morph comparison) and the two polyphenic morph pairs: Adult wingless sexual compared with wingless asexual females (the reproductive polyphenism) and adult and embryonic winged compared with wingless asexual females (the wing polyphenism at two different developmental stages). We found that the sexual morph comparison had a large number of differentially spliced sites (1,013 sites from 561 genes). The reproductive polyphenism comparison also revealed a large number of differences: 933 sites from 536 genes, a remarkably high number considering that these females are genetically identical. This high number rivals the number of differences seen in the comparison of the males to sexual females, which are known, at least in other species, to express many splicing differences (Blekhman et al. 2010; Brown et al. 2014; Gibilisco et al. 2016 ). Winged and wingless adult females differentially expressed 332 splice sites from 230 genes. Winged versus wingless-destined embryos exhibited the fewest differences, with only 13 differentially spliced sites from 11 genes. All five splice types were differentially used in some morphs. However, we found SE and MXE events were differentially spliced more than expected in all adult morphs comparisons ( fig. 2) . Additionally, there were significantly fewer A3 0 SS, A5 0 SS, and RI events differentially spliced than expected in the adult morphs ( fig. 2 ). It should be noted that the expected number of significant splice events per type are not independent measures. If one splice type is highly overrepresented as significantly differentially spliced, then another splice type must be underrepresented.
We explored whether these putatively functional splice differences were being used to produce diverse proteins or to posttranscriptionally regulate gene expression. In other species, SE and MXE events are more likely to produce functional proteins because they maintain an open reading frame (ORF); they are also more likely to be engaged by a ribosome and thus translated (Weatheritt et al. 2016) . Most frame shifts cause a downstream premature terminal codon and a truncated mRNA, which signals degradation of the transcript by NMD (Lewis et al. 2003; Lareau and Brenner 2015) . We found that SE and MXE events in the pea aphid maintained the ORF of differentially spliced sites in adult comparisons more than . If the observed was significantly greater that the expected, the FDR is black; it's grey if the observed was less than the expected. However, the five splice types are not independent in this test; if one group is significantly overrepresented than another must be underrepresented. Fisher's Exact *FDR < 0.05; **FDR < 0.01; ***FDR < 0.001. MBE the other splice types (table 2) . Larger portions of the other three splice types (A3 0 SS, A5 0 SS, and RI) introduced shifts in the ORF, suggesting that they are being used to regulate mRNA transcript abundance by coupling alternative splicing with the NMD pathway. However, these three splice types (A3 0 SS, A5 0 SS, and RI) also constitute a much smaller percentage of the differentially spliced types in all the adult comparisons, indicating a reduced use of NMD in regulating differential splicing (table 2). The enrichment of SE and MXE events as differentially spliced and the evidence that these two splice types more frequently maintain the ORF indicate that differential splicing is being used to functionally diversify the proteome between adult polyphenic morphs.
DSGs Are Often Not DEGs
We hypothesized that the set of DSGs and DEGs would be different, because this has generally been true for other systems (reviewed in Kalsotra and Cooper 2011) . Overall, we found that the set of DEGs largely does not overlap with the set of DSGs ( fig. 3A and B) . Thus, as hypothesized, our set of DSGs is a unique set of genes that would not necessarily be considered for their roles in maintaining morph differences if only gene expression level measures were used.
Despite this overall trend of different sets of DSGs and DEGs, we found that the relationship between DSGs and DEGs is complex; it depended on the morphs compared and the level of gene expression in the morphs. The ratio of the total number of DSGs to DEGs in any comparison was consistently around 10% (range: 7.5-15.5%). In contrast, the number of genes that were both differentially spliced and differentially expressed varied broadly (9% overlap in the embryonic wing polyphenism comparison to 56% overlap in the sexual polyphenism comparison) between comparisons ( fig. 3B ). DEGs and DSGs overlapped less than expected in the sexual morph comparison (hypergeometric test, P ¼ 5.3 Â 10
À12
, RF ¼ 0.7; an RF > 1 is more overlap than expected and an RF < 1 is less overlap than expected), the overlap was not significant in the reproductive polyphenism comparison (hypergeometric test, P ¼ 0.5, RF ¼ 1.0), and the overlap was greater than expected in the adult wing polyphenism (hypergeometric test, P ¼ 0.003, RF ¼ 1.5). DSGs and DEGs overlapped by only a single gene in the embryonic wing polyphenism comparison; this was not significant. The amount of overlap between DSGs and DEGs depended on the minimum read count used to define a splice junction and expressed gene (see supplementary fig. S1 , Supplementary Material online), but in all cases there were sets of DSGs that were not differentially expressed and vice versa (compare fig. 3B with supplementary fig. S2, Supplementary Material  online) .
While the specific genes may not largely overlap between DSGs and DEGs, their functions may be synonymous. Comparing gene ontology (GO) enrichment between DSGs and DEGs, we found similar results as above: DSGs and DEGs were enriched for different GO terms in the sexual morph comparison, the GO terms overlapped somewhat in the reproductive polyphenism comparison, and the GO terms overlapped the most in the adult wing polyphenism To further examine differences between differential gene expression and differential splicing and their relationships to polyphenic morphs, we used a principle component analysis (PCA). The resulting PCA plots are strikingly different when using the two different data types ( fig. 4) , suggesting that alternative splicing and differential gene expression both contribute to phenotypic differences, but they do so in distinct ways. For example, for adult phenotypes, alternative splicing PC1 differentiates sexual females from asexual females and males, whereas the gene expression PC1 does not differentiate adults. The gene expression PC2 largely separates the adult phenotypes and groups the asexual females closely with the asexual embryos. PC2 calculated from alternative splicing data separates the polyphenic morphs (sexual females from the asexual female morphs [winged and wingless], and the winged females from the wingless females), but does not separate males from asexual females. Including more genes as expressed by lowering the minimum read count and cpm did not demonstrably change the alternative splicing PCA plots, but did marginally change how adults were differentiated in the gene expression PCA (compare fig. 4 with supplementary fig. S4, Supplementary Material online) . Specifically, males were more strongly differentiated from females, and the female phenotypes were less differentiated from each other. This indicates that fairly lowly expressed genes, or possibly tissue-specific genes such as testis-specific genes, contribute to sexual morph differences but not as much to polyphenic differences.
Genotypic differences were also apparent on the PCA. Regardless of the filter level, genotype I18 separated from the other two genotypes (BK11 and F1) in three of the adult phenotypes in the gene expression PCAs (see supplementary fig. S4 , Supplementary Material online: genotypes labeled in grey). Separation of a single genotype in the alternative splicing PCAs depends on the phenotype; I18 in males, BK11 in winged females and F1 in sexual females separated from the other two respective genotypes (see supplementary fig. S4 , Supplementary Material online). In contrast, the embryonic samples cluster tightly, even though the single genotype used in these samples is highly plastic (see Materials and Methods).
Plotting just the adult polyphenic females by PCA further emphasizes that patterns of alternative splicing distinguish the adult female polyphenic morphs differently than gene expression patterns (see supplementary fig. S5 , Supplementary Material online). PC1 of the female-only, alternative splicing PCA separates all three female phenotypes, but PC1 of gene expression only separates sexual from asexual females. PC2 is needed to distinguish winged and wingless females in the gene expression PCA. Thus, alternative female phenotypes are defined both by splicing and by gene expression differences. (Leal 2013) . The ecological differences between winged and wingless females result in divergent chemosensory needs, so it's possible that these differences are related to their ecological specializations. Exons 5 and 6 are mutually exclusive in both OBP1 and OBP4 ( fig. 5A shows splicing in OBP4), with exon 5 more frequently included in winged females and exon 6 in wingless females. For OBP3, the second exon is skipped in a larger fraction of isoforms in winged than wingless females. So, whereas wingless females have higher expression levels of these three OBPs, winged females express larger fractions of alternatively spliced isoforms.
Many genes, however, are differentially spliced but not differentially expressed. They would not have been implicated in morph-biased processes if transcript abundance, alone, were compared. For example, CAKI (also known as CASK or Camguk) is not differentially expressed between winged and wingless females, but wingless females include an unannotated exon between exons one and two more than winged females. Drosophila melanogaster expresses multiple isoforms of CAKI that influence locomotor behavior, in particular walking speed (Martin and Ollo 1996; Slawson et al. 2011) , so the observed splicing difference in pea aphids may impact locomotion. The pea aphid homolog of another important locomotor-related gene, troponin-t, which regulates muscle contraction (Gomes et al. 2002) , has a differentially spliced MXE event between winged and wingless female pea aphids. In dragonfly males, a trade-off in courtship dance investment between environmentally determined male morphs is associated with alternative isoforms of troponin-t (Fitzhugh and Marden 1997; Marden et al. 1999) .
Sexual and asexual females are oviparous or viviparous, respectively (Blackman et al. 1987b; Miura et al. 2003) . Using annotation terms related to mitosis/meiosis, embryonic development, oocytes, and oogenesis, we found 41 genes among the 536 genes with differential splicing between sexual and asexual females (see supplementary table S6, Supplementary Material online). Many of these DSGs are associated with the microtubules that establish axis polarity in the oocyte. For example, one of the most DSG is ensconsin, a microtubule-associated gene that is expressed in the oocyte. Ensconsin is a critical cofactor of kinesin-1, which transports oskar along ensconsin microtubules (Sung et al. 2008; Barlan et al. 2013 ). The ensconsin gene contains two, highly expressed SE events, one in the asexual females and one in sexual females. Both maintain the ORF and do not disrupt the gene's Odorant binding protein 4 (OBP4) has a differentially expressed MXE event where exon 5 is included more frequently in winged females and exon 6 is included more frequently in wingless females. (B) Ensconsin is a microtubule-associated gene that has two SE events that differ in expression between sexual and wingless asexual females.
Alternative Splicing in Pea Aphid Polyphenic Morphs . doi:10.1093/molbev/msy095 MBE conserved MAP7 domain (fig. 5B) . The splice variants of ensconsin between these two female morphs suggest viviparous and oviparous embryonic development requires different maternally expressed isoforms. We did not include sexual female embryos in our comparisons, thus we cannot conclude if the same splice patterns exist between sexual and asexual female embryos. However, we did note that these two SE events are expressed in our asexual embryos (both winged and wingless destined) and exhibit a similar pattern to asexual females, with primary expression of the short isoform for both variants in the asexual embryos. Future functional studies are needed to assess the effect of splicing differences on the production or development of sexually and asexually produced offspring.
Conclusion
Here, we have shown that alternative splicing is used to diversify the proteome between polyphenic morphs: We identified many differences between morphs, and demonstrated that the majority of them are likely to be functional isoforms. We have also shown that the genes that are differentially spliced are not the same as those that are differentially expressed, highlighting that alternative splicing is likely important in the maintenance of polyphenic morph differences. Interestingly, we observed that many of the DSGs have putative biological functions that overlap with those of DEGs. In other words, although alternatively spliced genes are different than DEGs in identity, their functions may largely overlap. This may indicate that constraints on transcript abundance of a particular gene in a process may be overcome by differentially splicing of the gene, and vice versa (Marden 2008) . We conclude that alternative splicing is an understudied, potentially important molecular mechanism underlying the expression of the morphological, behavioral, and physiological differences between plastically produced morphs.
Materials and Methods
The pea aphid samples used in this study are from four different genotypes: Three genotypes were used as three biological replicates for adult samples (Purandare, Bickel, et al. 2014) and four biological replicates of a single genotype for embryo samples. All samples were collected as whole bodies. The adult samples (wingless males, wingless sexual females, winged asexual females, and wingless asexual females) consisted of three biological replicates of 30 aphids each from three genotypes: F1, I18, and BK11 (see supplementary table S1, Supplementary Material online). The embryonic samples (winged-destined and wingless-destined) consisted of four biological replicates of 15 embryos each from a single genotype, BK10. The embryonic genotype was chosen because it was previously found to consistently produce high levels of winged or wingless offspring depending on the maternal environment (called MA2 in Grantham et al. 2016 ).
RNA-Sequencing Libraries
RNA-sequencing libraries were obtained from sequence read archives (BioProject accession no. PRJNA244726; Purandare, Tenhumberg, et al. 2014) for the following adult morphs: Wingless males, sexual females, winged asexual females, and wingless asexual females.
Stage 18 embryonic samples were collected for this study from wingless females producing winged-destined or wingless-destined embryos (BioProject accession no. PRJNA445883). During development, aphids undergo 20 embryonic stages. Wing determination occurs embryonically, and stage 18 embryos are the most likely to be in the key stage of wing morph determination (Miura et al. 2003; Ishikawa and Miura 2013) . Most females produce a mix of winged and wingless offspring phenotypes, but produce the same percentage of offspring phenotypes over multiple days (Grantham et al. 2016) . We used the following protocol to determine the percentage of offspring phenotypes being produced by each female: 10 adult female pea aphids were crowded in a 35 mm Petri dish with a moist filter to prevent desiccation. After 24 h, the females were moved to Vicia faba plants individually for 24 h to produce offspring. The females were removed from the plants and all embryos were dissected from each female and stored at À80
in TRIzol (Life Technologies). The percentage of winged offspring produced by each female was measured from the offspring that were produced on V. faba during the 24 h after crowding, but before dissection. Embryos from females producing 0% winged offspring were labeled wingless-destined offspring, whereas embryos from females producing !70% winged offspring were labeled winged-destined embryos. One stage 18 embryo was collected from each female until 15 embryos of each phenotype were collected per replicate. A total of four replicates per phenotype (winged-destined and winglessdestined) were collected from 120 adult females.
RNA was extracted using TRIzol. The product was cleaned and DNA was digested using the Zymo clean and concentrator kit (Zymo Inc.) with the in-tube DNase treatment. Libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit (Illumina). Libraries were sequenced on an Illumina HiSeq 2500 (University of Rochester Genomics Research Center).
Data Analyses
To identify alternative splicing and gene expression differences, the following workflow and parameters were used and are summarized in supplementary fig. S6 , Supplementary Material online. All mRNA-seq libraries were quality trimmed with trimmomatic version 0.32 (parameters: SE -phred33 SLIDINGWINDOW: 4: 20 TRAILING: 13 LEADING: 13 ILLUMINACLIPTruSeq3-SE.fa: 2: 30: 10 MINLEN: 15; Bolger et al. 2014) . The alternative splicing program used, rMATS, requires all mRNA fastq reads to be equal length in each comparison. Therefore, each fastq library was filtered and trimmed to five bp of the shortest read length in each comparison (see supplementary table S1, Supplementary Material online) prior to submitting libraries to rMATS [version 3.2.5, Shen et al. 2014] for assessment of alternative splicing. Additionally, to assess the degree of 5 0 degradation on transcripts we used the geneBody_coverage.py program within the package RSeQC ). The embryo libraries Grantham and Brisson . doi:10.1093/molbev/msy095 MBE were largely unaffected by 5 0 degradation (see supplementary  fig. S7A, Supplementary Material online) . The adult libraries did exhibit some degradation. However, the 5 0 degradation noted in adults was equal between the morphs and therefore should not affect the calling of differentially expressed splice events (see supplementary fig. S7B -D, Supplementary Material online). For example, in the female reproduction comparison, there are two libraries that clearly suffer from 5 0 degradation, but one is a sexual female library (F1) and the other is an asexual female library (I18).
The rMATS program consists of three steps to assess alternative splicing: 1) mRNA reads are mapped to the genome by the RNA-seq aligner, STAR (Dobin et al. 2013) , 2) annotated and novel splice junctions are assessed for alternative splicing per mRNA fastq library, and 3) differential splicing is tested between replicated samples at each identified splice site.
Using the output from first two steps of the rMATS program, we measured alternative splicing for each phenotype. All mRNA libraries (trimmed and filtered to 45 bp) were submitted to rMATS (parameters: -t single -len 45 -a 5 -novelSS 1). The consensus gene list (ACYPI OGS v2.1b) and genome assembly version 2 in scaffolds (aphidbase.com) were used for identifying splice sites and mapping reads to the genome, respectively (see supplementary table S7, Supplementary Material online). Transcriptome coverage can influence the detection of alternative splice variants. To assess the influence of sequencing depth between libraries, we randomly reduced each mRNA library to 20Â coverage (18 million reads per library) of the transcriptome using seqtk and reanalyzed the number of detected splice variants. We required a minimum read count of 20 reads to support both the long and short splice junctions for the full (all sequencing data) and reduced (20Â coverage) splice sets (Brooks et al. 2015) .
To assess differential splicing between morphs we used the following pairwise comparisons: The sexual morph comparison (wingless males vs. wingless sexual females), the reproductive polyphenism comparison (wingless asexual females vs. wingless sexual females), the wing polyphenism comparison (winged vs. wingless asexual females) and lastly, the embryonic wing polyphenism comparison (winged-destined vs. wingless-destined embryonic asexual females). Sexual females are strictly wingless, so we only compared them to wingless morphs (wingless males or wingless asexual females). mRNA fastq libraries (trimmed and filtered to -5 bp of the sequenced read length) of each pairwise comparison were assessed by rMATS (parameters: -t single -len, see supplementary table S1, Supplementary Material online, -a 5 -novelSS 1) to test for significant differential splicing between morphs (see supplementary table S8, Supplementary Material online). As the read length and sequencing depth differed between mRNA libraries, we tested the correlation of read length (correlation ¼ 0.51, P ¼ 0.30) and sequencing depth (correlation ¼ -0.47, P ¼ 0.34) to the number of splice junctions identified on average per phenotype and found they did not significantly correlate (see supplementary table S1, Supplementary Material online).
rMats outputs the proportion of the long to short isoform of each splice site per mRNA library as PSI. This means that a splice site in a single morph with PSI of 1 or 0 is not alternatively spliced; only the long or short isoform is expressed, respectively. To compare splicing between phenotypes, an inclusion difference (DPSI) is reported. The inclusion difference is the PSI difference between the morphs (average PSI of Morph 1 replicates-average PSI of Morph 2 replicates); it ranges from -1 (the longer isoform is only expressed in one morph) to 1 (the longer isoform is only expressed in the other morph). A DPSI of zero means the alternative splicing pattern does not differ between the morphs compared (i.e., the proportion of long to short isoforms for that splice is the same between morphs). Sites were said to be differentially spliced if an FDR 0.05 was obtained for a splice site.
The first step of rMATS is to use the RNA-seq aligner, STAR, to map mRNA reads to the genome. From each pairwise comparison, we used the mapped mRNA reads per library to find all expressed genes per morph and all DEGs. This ensured the same mRNA alignment was used for measuring gene expression and alternative splicing differences between morphs. The featureCount program from the Rsubread package version 1.24.2 was used to collate raw counts per gene (Liao et al. 2013 ) using the consensus gene list (ACYPI OGS v2.1b). The ability to detect splicing events is limited by sufficient sequencing coverage over splice junctions. We required a total of 20 reads to support the inclusion and exclusion junctions in each comparison (Brooks et al. 2015) . We found this 20 read junction coverage correlated with $1 read count per million reads (cpm) on a gene. Few to no splicing events could be detected below 1 cpm in a library on a gene. We therefore used this as our cutoff for calling a gene expressed. This was necessary so that we could compare gene expression to alternative splicing differences in our comparisons. To check the influence of the read count filter we reduced it to 5, 10, and 15 read counts across each splice junction with a 0.1 cpm for gene expression (see supplementary fig. S1 , Supplementary Material online). Differential gene expression was assessed with the edgeR package in R version 3.1.0 (Robinson et al. 2010; R Core Team 2015) . GO enrichment analyses (see supplementary table S4, Supplementary Material online) were conducted in DAVID version 6.8 (Huang et al. 2009a (Huang et al. , 2009b . To address gene length bias in GO enrichment tests we compared gene lengths between DSGs and DEGs using a Wilcoxon rank sum test in R. Author-identified GO terms related to known polyphenic traits were used to organize candidate DSGs between the reproductive and wing polyphenism comparisons.
Frame shifts due to alternative splicing likely introduce downstream premature stop codons resulting in degradation of the transcript by the NMD pathway. While rMATS outperforms other alternative splicing detection methods on real data, it does not assemble splice variants into complete transcripts (Liu, Loraine, et al. 2014 ). As we do not know the transcript sequence we cannot predict premature stop codons or the reading frame, but frame shifts can be predicted. A frame shift from alternative splicing causes the sequence after the splice site to be read in a different frame. So a splice site must maintain the same "position" in the reading Alternative Splicing in Pea Aphid Polyphenic Morphs . doi:10.1093/molbev/msy095 MBE frame for the next exon. For example, an exon that is 91 nucleotides long consists of 30 codons and 1 additional base, which is part of the either the codon up or downstream of the exon. The alternative splice site must maintain that 1/3 of the codon to avoid disrupting the reading frame. If an alternative 3 0 splice site occurs and makes that exon 60 bases longer (now a 151 base exon) the reading frame would be maintained for the next exon (50 codons and 1/3 codon). However, if the A3 0 SS were 58 bases (49 codons and 2/3 of a codon) it would shift the reading frame for the next exon and the rest of the mRNA. We measured how often a frame shift was introduced in differentially spliced events by measuring if the alternative form was divisible by three (for SE and RI), if switching between exons changed the reading frame (for MXE), or if the long and short forms of the exon maintained the same reading frame (for A3 0 SS and A5 0 SS). Because we cannot assemble the entire transcript, it is possible that a second, downstream alternative splice site in the same isoform could restore the reading frame.
Gene Models
Gene model images were generated from Splicegrapher 0.2.2 using the plotter.py script (Rogers et al. 2012) for the annotated gene model. We identified conserved domains with the NCBI Conserved Domain Database (Marchler-Bauer et al. 2015) .
Statistics
Hypergeometric and Fisher's Exact tests were performed in R version 3.2.5 (R Core Team 2015). When conducting multiple tests, a Benjamini-Hochberg (FDR) P-value correction was applied in R. The representation factor (RF) compares the observed number of overlapping genes to expected number of overlapping genes ([DSGs * DEGs]/expressed genes); if RF > 1, there is more overlap than expected and if RF < 1, there is less overlap than expected. A Fisher's Exact test was performed for each splice type category per pairwise comparison using 2 Â 2 contingency tables (e.g., # of SE events; # of nonSEs events by # of significant splice events; # of nonsignificant splice events). The expected number of differentially spliced sites was calculated as the expected number of significant splice events of each type ([splice type * significant splice events]/expressed spliced events).
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
